Introduction
Prostaglandin (PG) D2 is a neuromodulator that acts on nociceptive C fibers by inhibiting the Ca2+-activated K' conductance and therefore prevents self-limitation of the firing rate of unmyelinated afferent axons (Taylor and Pierau, 1991) . Nociceptive signals may be also reinforced by PGD2, which stimulates the release of tachykinins such as substance P (Uda et al., 1990; Vasko et al., 1989) . The possibility that PGD2 is formed by primary sensory neurons that project their axons into Layers 2 and 3 of the spinal cord should be noted. The population of dorsal root ganglion (DRG) neurons is composed of two classes: large, light A neurons and small, dark B neurons, which are both subdivided into two subclasses on the basis of ultrastructural and immunocytochemical criteria (Philippe and Droz, 1988) . Therefore, it is important first to ascertain that primary sensory neurons are able to synthesize PGD2 and second to identify the DRG neurons responsible for PGD2 synthesis.
The synthesis of PGD2 by primary sensory neurons was first of small Class B ganglion cells was strongly immunoreactive, whereas adjacent control sections treated with absorbed antibodies or with non-immune rabbit or goat serum were unreactive. To identify the subclass of the immunoreactive small Class B neurons, immunostained vibratome slices of DRG were embedded in Epon. Ganglion cell bodies loaded with immunoprecipitates in superficially cut sections were first identified and then ultrastructurally analyzed in thin sections taken from a deeper level to obtain improved preservation of the cell architecture. This procedure enabled us to demonstrate that GSH-independent PGD synthase is accumulated in Subclass B1 primary sensory neurons. . Primary sensory neurons grown in vitro do not require the addition of glutathione (GSH) to synthesize PGDz. Therefore, it could be inferred that the conversion of PGHz to PGDz by chick DRG neurons was controlled by a GSH-independent enzyme, such as the brain-type PGD synthase. Unlike the GSH-dependent PGD synthase present in most organs (Ito et al., 1989; Urade et al., 1987b; Christ-Hazelhof and Nugteren, 1979) , the PGD synthase isolated from rat brain is a GSH-independent PGD synthase (Urade et al., 1985 ) and a member of the lipocalin superfamily (Igarashi et al., 1992; Nagata et al., 1991; Peitsch and Boguski, 1991) . Antibodies raised to the GSH-independent brain-type PGD synthase were used for immunohistochemistry to detect the enzyme in a few superficial cortical neurons, most oligodendrocytes, leptomeninges, and choroid plexus (Urade et al., 1987aJ993) . Unfortunately, the technical procedure used with success for immunohistochemical detection of the GSH-independent PGD synthase in rat brain (Urade et al., 1987a) failed to provide satisfactory immunostaining when applied to chick DRG. For this reason, each step of the experimental procedure was reappraised and adapted to obtain both reliable immunolocalization of the enzyme at the cellular level and preservation of the cell structures, permitting an identification of the neuronal subclass. These technical conditions must be fulfilled to address two crucial questions. First, is GSHindependent PGD synthase normally expressed by DRG neurons maintained in vivo or induced only by in vitro conditions? For example, many prostanoids are formed only by cultured astrocytes but not in the brain (Seregi et al., 1987; Urade et al., 1987a) . Second, since the neuron population of the chick DRG is heterogeneous (Philippe and Droz, 1988) , is the GSH-independent PGD synthase distributed in the entire neuron population or segregated in a particular subpopulation of identified primary sensory neurons? 
Materials and Methods

Biochemical Control of PGD Synthase Activity in Cryostat Slices
The method of Lysz et al. (1983) was adapted to study the biosynthesis of PGs in chick DRG cryostat slices. This procedure is appropriate for analysis of small samples of tissue such as histological slices.
T h e and Slice Preparation. Twelve-day-old chickens were anesthetized and perfused intracardially with Krebs buffer as described earlier . DRGs were then excised and dissected free of their adhering connective capsule at 4'C. Tissues were immediately mounted on -196'C pre-cooled Jung Einbettmedium and stored at -8O'C until used. Just before incubations, 20-pm-thick sections were cut with a Leiu cryostat at -20°C and rinsed three times in 50 mM Tris-HC1, 1 mM EIXA, pH 8, at 4°C. Prostanoid Biosynthesis. Twenty-five to 50 DRG slices (25-50 pg protein) were pre-warmed for 2 min at 37°C in 45 p1 Tris buffer with or without cyclooxygenase modulators. After addition of 10 pM [U-I4C]arachidonate ( 5 pl), they were incubated at 37°C for 15 min. The reaction was stopped by adding 2 ml of chilled 75% ethanol. After centrifugation at 10,OOo x g for 30 min. protein precipitates were quantified by the method of Lowry et a1 (1951) and the PGs of the supernatants were extracted with ether, separated on thin-layer chromatography, and quantified as described earlier .
Immunocytochemical Detection of PGD Synthase
Antibodies. Rabbit polyclonal immunoglobulins (IgGs) against PGD synthase of rat brain prepared from purified enzyme were characterized (Urade et al., 1985) (kindly provided by Y. Urade and 0. Hayaishi).
Tissue Fixation and Sectioning. Twelve-day-old chickens were exsanguinated over 2 min with 0.1 M phosphate buffer, pH 7.4, adjusted to 360 mOsmol with NaCl (PBS), then perfused for 20 min with one of the following fixatives: 4% formaldehyde; 4% formaldehyde-0.5 % glutaraldehyde; or 4% formaldehyde-0.22% periodate-0.4% lysine (MacLean and Nakane, 1974) , prepared either in PBS, pH 7.4, or 50 mM cacodylate, pH 7.6. or 50 mM Tris-HCI, pH 8. After perfusion, DRGs were rapidly excised, decapsulated, and post-fixed for 2 hr at 4'C in the same fixative.
After fwtion, tissues were extensively washed. When the glutaraldehydecontained fixative was used, the free aldehyde groups remaining in the tis-sue were reduced with 1% N a B h for 30 min at 4°C to prevent nonspecific Schiff base formation with the amino groups of antibodies during the immunocytochemical procedure. Twenty-pm-thick slices were obtained with a vibratome or with a cryostat after cryoprotection with increasing concentrations of sucrose (1 hr in 5% sucrose, 2 hr in 15% sucrose, and finally 24 hr in 30% sucrose).
Light Microscopic Immunocytochemical Processing. Localization of PGD synthase in cryostat or vibratome slices was investigated with the peroxidase-anti-peroxidase method of Sternberger (1979) . Slices were incubated for 10 min at 20'C with 5 % HzOz in PBS to quench endogenous peroxidases. After three 15-min washes, slices were pre-incubated for 45 min with 3% normal goat serum and incubated with anti-PGD synthase IgG for 24 hr at 4°C. The slices were then treated with goat anti-rabbi IgG (dilution 1:40) for 45 min, then with peroxidase-anti-peroxidase complex (dilution 1:lOO) for 30 min. All the solutions were diluted in PBS containing 0.25% Triton X-100 (except where otherwise indicated). Each incubation was followed by several washes for 45 min in the same buffer. Finally, the peroxidase activity was revealed by incubating the slices for 5 min in 50 mM Tris-HCI buffer, pH 7.4, containing 0.03% diaminobenzidine tetrachloride (DAB) and 0.01% H202. The slices were then mounted in glycerin for light microscopic observations. Immunocytochemical controls were performed by replacing specific PGD synthase antibodies with (a) normal goat serum, (b) normal rabbit serum, or (c) the primary antibodies pre-absorbed with the cytosolic fraction of DRG that contains the PGD synthase activity .
Electron Microscopic Immunocytochemical Processing. Vibratome slices were immunostained as described above, except that two major modifications were introduced: (a) the tissues were permeabilized with 0.25% Triton X-100 at 20°C for 30 min to obtain improved penetration of the IgG, and (b) the tissues were post-fixed for 30 min with 1% glutaraldehyde in phosphate buffer to preserve the cell structures, then treated for 2 min with 1% gelatin followed by 15 min with 300 mM lysine (pH 10) to quench free aldehyde groups. After the DAB procedure, the slices were post-fixed for 2 hr at room temperature in a 1:1 (v/v) solution of 2% aqueous Os04 and 3 % aqueous K-ferrocyanide (Karnovsky, 1971 ) and dehydrated through graded ethanol solutions (50%. 70%, 95%, 100%). The slices were then flat-embedded in Epon (Reymond and Pickett-Heaps, 1983) . Alternate semithin (1-pm) and thin (0.1-pm) sections were obtained with a Reichert vibratome. The semi-thin sections were used to locate the immunoreactive cells by light microscopy. The adjacent thm sections were counterstained for 5 min with lead citrate (Reynolds, 1963) and analyzed with a Zeiss EMlOC electron microscope.
Results
When cryostat slices of DRGs were incubated with U-14C-labeled arachidonate, newly formed U-14C-labeled PGD2 and PGE2 were released into the medium. If the cyclooxygenase was inhibited by aspirin or protected by esculetin, the synthesis of labeled PGD2 and PGE2 by the cryostat slices was respectively depressed or enhanced (Table 1) . Therefore, the activity of the enzymatic system controlling the biosynthesis of these PGs is preserved in cryostat slices. Because P G D synthase is one component of this enzymatic system, this enzyme, present in DRG slices, should react with specific antibodies for IgG located by immunostaining.
Conditions for Detection of PGD Synthase by Irnmunocytocbemistry
According to the technical parameters of the procedure, three criteria were appraised: the reproducibility of the localization, the specificity of the immunoreaction, and the intensity of the immunostaining. Fixatives. After intracardiac perfusion with each of the fixatives tested, the immunoreaction with anti-rat brain PGD synthase was restricted to a subpopulation of small B neurons located in the mediodorsal region of the DRG (Figures 1A-1D ). The h m " staining was abolished when the antibodies were pre-absorbed with the cytosolic fraction of DRGs or were replaced by non-immune rabbit or goat serum ( Figures 1E-1H ). The main difference observed among the fixatives tested concerned the intensity of the immunostaining . The periodate-lysine-formaldehyde mixture clearly produced a stronger immunoreaction (Figures 1A and 1B) than formaldehyde alone ( Figure ID) or mixed with glutaraldehyde ( Figure IC) .
Bders. The reported criteria of immunostaining were reproducibly obtained by the use of PBS or Tris buffer. Cacodylate buffer failed to produce a defined and specific localization of the immunoreaction: the diffuse staining of the entire neuron population of the DRGs was not abolished by pre-absorption of the antibodies with the cytosolic fraction of DRGs or by substitution with a non-immune rabbit serum.
Sectioning. The use of either a cryostat or a vibratome to obtain DRG sections did not affect the reproducibility of the localization, specificity, and intensity of the immunostaining ( Figures   1A and 1B) .
Permeabilizing Agents. The tested permeabilizing agents, i.e., Tween 20, saponin, or Triton X-100, did not modify the localization and the specificity of the immunostaining, but they dramatically improved the density of the immunoreaction in a dosedependent manner, ranging from 0.01 to 0.5%. The most suitable reinforcement of the specific immunostaining without an elevation in background staining was obtained by adding 0.25Oh Trition X-100 ( Figures 1A-1D ).
Antibody Concentration. The intensity of the immunostaining increased from 1 to 20 pg/ml antibody concentration. The specificity of the immunoreaction was based on the disappearance of the staining when the antibodies were pre-absorbed with PGD synthase-containing medium. The highest contrast obtained between a clear, specifically controlled staining and a faded unspecific background (Figure 1 ) was provided by a 10 pg/ml antibody concentration.
Light Microscopic Distribution of PGD Synthase Immunoreactivity
In chicken DRG, the immunostaining was concentrated in the perikarya of particular small neurons mainly distributed in the mediodorsal region of the ganglion (Figures 1A-1D ). These neurons displayed immunoprecipitates that were either homogeneously distributed throughout the neuroplasm or clumped in coarse aggregates. Rare large neurons exhibited clustered immunoprecipitates.
Electron Microscopic Identz3cation of PGD Syntbase-immunoreactive Neurons
After Epon embedding, light microscopic examination of the first 1-pm-thick section obtained from the superficial region of the DRG block showed strong hmunostaining of small DRG neurons (Figure 2A) . The intensity of the immunoreaction declined rapidly in the subsequent sections up to a 5-pm depth ( Figure 2B ). By electron microscopy, 0.1-pm-thick sections first showed poor preservation of the ultrastructural architecture of the superficial sections, and then the quality gradually improved by a 5-pm depth ( Figures   2C and 2D ). In this way, the same immunoreactive neurons identified in superficial sections were examined under the electron microscope at 5 pm from the surface. Almost all of the immunostained neuron perikarya displayed the cytological characteristics ascribed to small neurons of Subclass Bi (Philippe and Droz, 1988) : parallel cisternae of rough endoplasmic reticulum in the outer zone, separated by a wall of straight stacks of Golgi saccules from the inner zone rich in mitochondria.
Discussion
The immunocytochemical approach devised in the present study is grounded on the specificity of the purified polyclonal antibodies raised to rat brain PGD synthase and demonstrated by Ouchterlony double diffusion, immunoblotting, and immunotitration (Urade et al., 1985) . Immunoabsorption and immunoblotting analyses show that the polyclonal antibodies raised to rat brain PGD synthase do not crossreact with PGE or PGF synthases or with glutathione S-transferase isozymes, including rat spleen PGD synthase (Urade et al., 1989b (Urade et al., .1990 Ujihara et al., 1988; Ogorochi et al., 1987) . These antibodies were previously used by Hayakhi's group to localize PGD synthase in rat brain (Urade et al., 1987a (Urade et al., .1993 ). In the present study, pre-absorption of GSH-independent PGD synthase antibody with DRG cytosolic fraction, which is known to contain PGD synthase, impedes further immunoreaction.
The specificity of the purified polyclonal antibodies to PGD synthase is a necessary but not sufficient condition to locate PGD synthase by immunostaining. First, the enzyme must be immobilized in situ and the antigenic groups of the molecule must be preserved by the fixative. Second, PGD synthase must be rendered accessible to the antibodies by permeabilizing agents.
PGD synthase is a membrane-associated enzyme that is released into the medium during certain tissue treatments (Urade et al., 1985 (Urade et al., ,1987a (Urade et al., ,1989a . The fact that DRG cryostat sections incubated with [U-14C]-arachidonate are, like the DRG homogenate , able to enzymatically produce [ l4C]-PGD2 indicates that PGD synthase activity is retained, at least in part, in tissue sections. The choice of the fixation conditions is important. Formaldehyde-fixed sections show only a pale and faint immunoreaction, probably due to partial leakage of the PGD synthase. After glutaraldehyde fixation, the cells displaying the immunostaining are more clearly delineated, but either mask- ing of amino groups of the antigen by linkage with glutaraldehyde or the efficient cross-linkage of glutaraldehyde impedes the diffusion of the antibodies and weakens the reaction. In contrast to the preceding fixatives, the periodate-lysine-formaldehyde mixture, which prevents leakage or displacement of the immunoreactive molecules, gives a clear and specific immunoreactive signal to background when used with phosphate buffer. Suprisingly, phosphate buffer increases the intensity and sharpness of the immunoreactivity compared with the Tris buffer generally used to test enzymatic activity (Urade et al., 1985) or the immunoreactivity (Urade et al., 1989b) of PGD synthase. Cacodylate buffer exerts deleterious effects by giving rise to an intense background and an unspecific cell staining.
After furation with periodate-lysine-formaldehyde in phosphate buffer, access of the polyclonal antibodies (-150 KD) and peroxidase-anti-peroxidase complexes (-500 KD) through the cell membranes is facilitated by freezing and thawing in cryostat sections or by'Tween 20, saponin, and Triton X-100 in vibratome sections. Vibratome sections that were prepared for light or electron microscopy after Epon embedding and treated with high concentrations (0.25%) of Triton X-100 for a short time enabled us to visualize unequivocally the immunoreaction in cells located in the superficial sections cut from the block and the ultrastructural characteristics of the same cells present in sections obtained at a deeper level. These observations are in agreement with those of Piekut and Casey (1983) and Stirling (1990) , and enable one to identify the immunoreactive cell types on the basis of cytological criteria, but not the organelles enclosing PGD synthase.
All the three fixatives tested showed that primary sensory neurons of the DRG are selective sites for immunostaining with rat brain PGD synthase antibodies. The neuron distribution of rat brain PGD synthase immunoreactivity is consistent with active PGDz synthesis taking place in homogenates of DRG neuron-enriched cell cultures . The strong immunoreactivity of particular small B neurons obtained with the three fixatives and their ultrastructural characteristics point to subclass Bi neurons as the most efficient reservoir of PGD synthase in DRG and therefore as an important source of PGD2. The problem raised by large class A neurons and a few small class B neurons is more difficult to appraise. These neurons display a discrete cytoplasmic immunostaining with a strongly immunoreactive nuclear spot adjacent to the nucleolus. Controls in which the polyclonal antibodies were previously pre-absorbed or substituted by pre-immune rabbit serum failed to exhibit this type of staining. The dim perikaryal and the strong intranuclear immunostaining could be due to low concentrations of PGD synthase either synthesized in situ or eventually released from B1 neurons and taken up by adjacent large Class A neurons. Another possibility could be a crossreactivity of the anti-GSH-independent PGD synthase antibodies with members of the lipocalin superfamily other than PGD synthase. Lipocalin superfamily members indeed are known to possess many highly homologous amino acid sequences and to shuttle hydrophobic ligands between cytoplasm and nucleus (Flower, 1994; Igarashi et al., 1992; Nagata et al., 1991; Peitsch and Boguski, 1991) . In any case, the neuron immunostaining obtained in DRG with antibodies raised to the GSH-independent PGD synthase cannot be confused with the glial immunostaining confined to particular satellite and Schwann cells after use of GSH-dependent PGD synthase antibodies (Vesin et al., 1995) . Whatever mechanisms are involved in the faint perikaryal immunostaining, the strong immunoreactivity exhibited by B1 neurons points to this subpopulation of DRG neurons as the main source of PDG2 through the GSH-independent synthase.
In conclusion, the immunocytochemical detection of GSHindependent PGD synthase requires that several technical conditions be fulfilled. The proposed method offers the possibility to reproducibly visualize the neurons expressing the enzyme and to determine their ultrastructural characteristics.
